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Abstract
The photoresponse of graphene at mid-infrared frequencies is of high technological interest and is
governed by fundamentally different underlying physics than the photoresponse at visible frequencies,
as the energy of the photons and substrate phonons involved have comparable energies. Here we per-
form a spectrally resolved study of the graphene photoresponse for mid-infrared light by measuring
spatially resolved photocurrent over a broad frequency range (1000-1600 cm−1). We unveil the differ-
ent mechanisms that give rise to photocurrent generation in graphene on a polar substrate. In particular,
we find an enhancement of the photoresponse when the light excites bulk or surface phonons of the
SiO2 substrate. This work paves the way for the development of graphene-based mid-infrared thermal
sensing technology.
Keywords: mid-infrared photodetection, graphene-phonon interaction, surface phonons, hot
carriers, graphene photodetection.
Graphene photonics1, optoelectronics2 and
nanophotonics3–5 are fast growing fields with
increasing attention for the mid-infrared (MIR)
spectral regime. This spectral region is interesting
from both fundamental and technological points
of view. For example, MIR covers the character-
istic vibrational frequency range of many relevant
molecules, as well as most of the thermal radiation
emitted from warm objects. Therefore, the MIR
range is crucial for spectroscopy and biosensing,
and for thermal imaging in applications ranging
from medical diagnostics to damage-assessment,
and defense. In particular, graphene is a promising
material for detecting MIR light because it pro-
vides additional features with respect to current
technologies, such as broadband absorption for
infrared and visible light, in-situ tunable carrier
density, easy integration with silicon electronics,
room temperature operation, and flexibility1,6.
In addition, graphene MIR physics is enriched
by the fact that the energy scale of the photons
is comparable to the Fermi energy, the energy
of quasi-particle excitations such as plasmons3–5,
and the energy of intrinsic and substrate phonons.
Concerning graphene-phonon interactions, exten-
sive studies on scattering of graphene carriers by
surface phonons of polar substrates in the context
of electron transport properties7,8 and relaxation
dynamics of hot carriers9 have been performed.
In a related context, electron-phonon scattering
at surfaces has been widely studied to understand
photoemission spectra10. For graphene, surface
phonons have been found to limit the graphene
mobility7,8,11, and to provide additional cooling
pathways of photoexcited carriers12,13.
All these phenomena are based on the interaction
between electrons and thermally occupied phonon
states. In contrast, the use of mid-infrared light
can provide an efficient way to excite bulk or sur-
face phonons, which can in turn act back on the
graphene charge carriers. Therefore, the graphene
MIR photoresponse involves a subtle interplay
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of light-graphene and light-substrate interactions.
Photocurrent measurements can thus provide a
probe for MIR graphene photophysics, as well as
a starting point towards photodetection applica-
tions. In particular, light-substrate interactions can
be exploited to enhance the MIR detection effi-
ciency.
Pioneering works have already demonstrated bolo-
metric14,15 or photoconductive16 MIR detection
with graphene, and a photo-thermoelectric pho-
toresponse of graphene p-n junctions to 10.6
µm light has been studied17, showing higher re-
sponsivity for the appropriate choice of substrate.
In nano-patterned graphene, the bolometric pho-
toresponse has been observed to be enhanced by
the plasmon-phonon polariton supported by the
substrate18. Furthermore, photocurrents arising
from photo-galvanic and photon drag effects under
oblique incidence on large-area epitaxially grown
graphene have been reported19,20, showing a pho-
toresponse related to the substrate reflection20.
Here we present a detailed study on the photore-
sponse mechanism of planar graphene for MIR
light, and the role of the substrate. We show clear
evidence of two distinct mechanisms that con-
tribute to MIR photocurrent generation, obtained
from spectrally resolved photocurrent measure-
ments. The first of these is an indirect mechanism,
where substrate phonons absorb light and sub-
sequently locally heat up graphene charge carri-
ers. This generates a photo-thermoelectric voltage
as carriers of different temperatures equilibrate,
which causes charge flow. The second mechanism
is based on direct light absorption in graphene,
resulting in hot electrons that generate photocur-
rent. This latter mechanism turns out to be greatly
enhanced by the substrate surface phonons, which
produce a strong concentration of the near elec-
tric field, and therefore mediate enhanced light
absorption at MIR frequencies. We remark that all
of the photoresponse enhancement mechanisms
discussed in this work operate under zero source-
drain bias conditions, which are promising for low
dark-current MIR detection applications.
The experimental results presented here are based
on spatially and spectrally resolved photocurrent
maps. We excite the graphene transistor samples
with light from a quantum cascade laser (QCL)
tuned to a specific frequency in the MIR range
(1000-1600 cm−1). The light is focused down to
a spot whose FWHM is comparable to the wave-
length. The samples consist of patterned chemi-
cal vapor deposition (CVD) grown graphene con-
tacted by two gold electrodes (source and drain)
with a separation distance ≥ 100 µm, on top of
a substrate of 300 nm thermally grown SiO2 and
weakly doped silicon (more details in Methods).
We record the photo-induced current that flows
between source and drain, without applying a bias
voltage. The doped silicon back-gate allows us
to control the Fermi energy through capacitive
coupling. The transmitted light is re-collimated
and collected, thus enabling us to perform si-
multaneous acquisition of the frequency-resolved
graphene photoresponse and optical transmission.
We measured eight different samples that exhib-
ited the same trends, and here we present the re-
sults of three of them (see Methods).
In Figures 1a,b we show the spatially resolved
photocurrent IPC, normalized by the incoming
power Pinc, for two excitation wavelengths, λ =
9.26 µm and λ = 7.19 µm, corresponding
to ν˜e =1080 cm−1 and ν˜e =1390 cm−1, re-
spectively. In both cases, the normalized pho-
tocurrent PCnorm = IPC/Pinc peaks close to the
graphene/contact edge, as previously reported for
visible and near-infrared light21–24. We note that
for both frequencies the polarization of the inci-
dent light is parallel to the contact edge. Moreover,
the position of the contacts is retrieved from the
transmission measured at the same time and the
photocurrent dependence on power is linear (see
Supplementary Information).
Interestingly, there is a clear difference in the
strength and spatial extent of PCnorm for the two
frequencies. For ν˜e =1080 cm−1, the normalized
photocurrent is high compared to ν˜e =1390 cm−1.
Furthermore, for ν˜e = 1080 cm−1 the system is
photo-responsive over a much larger area that ex-
tends even outside the graphene sheet, while the
response for ν˜e = 1390 cm−1 is confined to the
interface between graphene and the electrodes.
We recall that for excitation with VIS and NIR
light the photoresponsive area has been shown to
be between hundreds of nanometers24 and a few
microns25, hence much smaller than the photore-
sponsive area we observe here.
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Figure 1: Photocurrent maps upon excitation with wavelength λ = 9.26 µm (1080 cm−1) (a), and
λ = 7.19 µm (1390 cm−1) (b). The grey lines indicate the position of the contacts retrieved from the
transmission measurement; the black dotted lines indicate the graphene position. The black circle at the
bottom left represents the beam spot size (FWHM 22 µm (a) and 14 µm (b)). The photocurrent values are
normalized by the incident power. The light polarization is parallel to the contacts. (c) In orange, spatial
linecut of the photocurrent along the orange arrow in (a), for 1080 cm−1. (d) In green, spatial linecut of
the photocurrent along the green arrow in (b), for 1390 cm−1. In both cases the grey curves are the nor-
malized spatial derivatives of the corresponding transmission measurement, which indicate the laser spot
size. The sketches on the right of (c) and (d) represent artistic views of the two photocurrent generation
mechanisms, due to the substrate absorption (c) and the graphene absorption (d).
For a more quantitative comparison, we show in
Figure 1c,d a cut of PCnorm across one of the con-
tacts and compare it to the size of the excitation
beam, which we obtain from the spatial derivative
of the transmitted light. The data show that the
photocurrent generated for ν˜e =1390 cm−1 is
spot-size limited. In contrast, for ν˜e =1080
cm−1 the photoresponsive area is significantly
larger than the spot-size: ∼20% of the peak signal
is still present 50 µm away from the contact edge.
In addition, the overall signal at the edge is twice
as large as for ν˜e = 1390 cm−1.
These observations suggest the presence of dif-
ferent photocurrent generation mechanisms for the
two wavelengths, which we aim to identify by
combining spectrally resolved photoresponse and
substrate transmission measurements for the ∼6-
10 µm wavelength range (ν˜e = 1000-1600 cm−1).
The photocurrent spectrum is shown in Figure
3
2a. We observe a clear peak at ν˜e = 1080 cm−1,
with a shoulder extending up to ν˜e = 1280 cm−1.
The frequency of the photocurrent peak coincides
with a peak in the substrate extinction spectrum
1− T , with T being the transmission (obtained
from FTIR measurements), as shown in the inset
of Figure 2a. This indicates that the absorption in
the substrate has a strong effect on the photocur-
rent.
The absorption in the SiO2 (see Figure 2b) is dom-
inated by two bulk optical phonon modes within
our frequency window: transverse (TO) and lon-
gitudinal (LO)26. The optical response of the
substrate is represented by a complex permittivity
ε(ν˜), whose real and imaginary parts are shown in
the inset of Figure 2b as obtained from literature
data27. We point out that for plane wave excitation
at normal incidence only the TO mode can directly
couple to the incident light. Thus, the imaginary
part of ε peaks at the TO phonon frequency, giving
the main contribution to the absorption in the SiO2
layer. Furthermore, the real part of ε is negative in
the frequency range between the TO and the LO
modes, the so-called reststrahlen band, leading to
a strong reflection at the air/SiO2 interface.
Using ε(ν˜) as input, we obtain the absorption from
incident light passing through 300 nm of SiO2, as
shown in Figure 2b.
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Figure 2: (a) Spectrum of the normalized
photocurrent, obtained by taking the maximum
PCnorm from the spatial map, and for a gate volt-
age that is away from the charge-neutrality point
(VBG−VD=70 V). Inset: extinction spectrum 1−T
of the substrate, obtained by FTIR. (b) Calculated
absorption in 300 nm SiO2 taking into account the
full layered SiO2/Si/SiO2 structure. Inset: real
and imaginary part of the SiO2 permittivity ob-
tained from a fit of literature data27 to the expres-
sion: ε(ν˜)= ε∞(1+
ν˜2LO−ν˜2TO
ν˜2TO−ν˜2−iν˜Γ
), with ε∞= 1.843,
ν˜LO = 1243.5 cm−1, ν˜TO = 1065.5 cm−1 and
Γ= 61.6 cm−1.
We take into account the entire layered structure,
since the penetration depth at ν˜e =1080 cm−1 is
∼ 300 nm, while for higher frequencies it is larger
than the oxide thickness (∼ 10 µm for ν˜e =1390
cm−1, more details in the Supplementary Informa-
tion). The calculated absorption peaks at the TO
phonon and goes to zero for frequencies higher
than the LO phonon. We thus observe a corre-
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lation between the substrate absorption and the
measured photocurrent spectrum, as they both
show a peak at the TO phonon band. The simi-
larity is evident even if the frequency and width of
the phonon modes in our samples differs slightly
from literature values due to variations in growth
conditions and thickness of the oxide.
We explain the relationship between the MIR light
absorption in the SiO2 and the photocurrent in
the following way: after light absorption, heat is
generated in the substrate, where it diffuses and
equilibrates with the graphene. Consequently,
when light is absorbed around the source elec-
trode, an imbalance in the spatial distribution of
the temperature of the graphene carriers is created,
as the graphene close to the drain electrode (≥100
µm away) is not heated. As a consequence of
the carrier temperature difference in the source
and drain regions, a thermovoltage is generated,
governed by the Seebeck coefficient of graphene:
∆V = S(θs−θd), where S is the graphene Seebeck
coefficient, and θs (θd) is the temperature of the
graphene charge carriers near the source (drain)
contact. The large spatial extent of the photore-
sponse map as shown in Figure 1a can thus be
related to the temperature distribution in the sub-
strate.
We note that this non-local photo-thermoelectric
mechanism is markedly different from the reported
photo-thermoelectric response for VIS and NIR
light near metallic contacts12 or interfaces, such
as p-n junctions25,28 or single-bilayer graphene29.
In those cases, the graphene carriers are directly
excited by the laser and the temperature gradient is
generated within or close to the laser spot. In our
case, because the region with an elevated substrate
temperature extends over a larger area than the
spot size, it is possible to observe a photoresponse
even when the laser spot is outside the graphene
region.
In addition to this spatially extended photore-
sponse, we also observe a local photoresponse
near the contacts, for which we show an example
in Figure 1b. This local photoresponse is particu-
larly clear for ν˜e > ν˜LO, where substrate absorp-
tion is nearly zero, but a significant photoresponse
is still observed (Figure 2a). We attribute this lo-
cal photoresponse to direct light absorption in the
graphene, and verify the occurrence of graphene
absorption by directly measuring the light trans-
mission T through the device. In Figures 3a,b we
show 1−T as a function of backgate voltage for
graphene upon 1080 cm−1 and 1390 cm−1 exci-
tation, compared with the respective bare substrate
extinction.
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Figure 3: Dependence of 1 − T on gate
voltage (where T is the transmission) of the
graphene+substrate system (symbols) or of the
substrate alone (grey dashed lines), for ν˜ =1080
cm−1 (a), and for ν˜ =1390 cm−1 (b). The black
solid curves are obtained from the model described
in Methods. The light blue areas indicate the re-
gions where interband electron-hole pair transi-
tions are allowed.
We compare the data with a simple model, where
we calculate the graphene transmission starting
from the optical conductivity of graphene at room
temperature taking into account the spatially vary-
ing EF within our focus spot30 (see details in
Methods). We obtain good agreement with the use
of one fitting parameter that represents the fraction
5
of transmitted light through all the other layers of
the substrate. The model includes both interband
and intraband processes. The interband transitions
are responsible for the well-known 2.3% absorp-
tion for suspended graphene in the VIS and NIR31,
and occur for E0 = h¯ω > 2EF , while for E0<2EF
they are forbidden by Pauli blocking32,33. Intra-
band scattering leads to Drude absorption, which
at MIR frequencies is stronger for shorter car-
rier scattering time τ (notice that ωτ > 1) and
for larger EF . This mechanism is responsible
for the absorption in the far-infrared (THz fre-
quencies)34,35 and also contributes to the MIR
optical response32,34. We note that absorption
in the Pauli blocking region has been attributed
also to electron-electron interaction33, whereas
phonon-assisted absorption has been predicted for
graphene on polar substrates36.
In our experiments the photon energy E0 is in
the 123-198 meV interval, and thus interband
absorption is relevant only for a limited range
of Fermi energies (∼ 60-100 meV) around the
charge-neutrality point, indicated in Figures 3a,b
with light-blue areas. Outside the interband win-
dows, we clearly observe the signatures of intra-
band absorption. Our absorption measurements,
in combination with the photocurrent measure-
ments, which reveal a response for a wide voltage
range (also seen in Figure 5a, and discussed later),
suggest that the photoresponse is also originating
from direct light absorption in graphene.
To further investigate the contribution of absorp-
tion in graphene to photocurrent generation, we
analyse the effect of the polarization of the inci-
dent light, comparing the cases where light polar-
ization is parallel and perpendicular to the edge of
the gold electrode. In Figure 4a we present spec-
tra for a cross-shaped 4 terminal device, where
we perform measurements for both polarizations
without physically rotating the light polarization
or the sample (see Supplementary Information).
Strikingly, the spectrum of the absolute value of
the photocurrent |PCnorm| for perpendicular polar-
ization presents two peaks: one whose position
corresponds to the peak of the photocurrent spec-
trum for parallel polarization, at the TO phonon
frequency, and a second one at around 1170 cm−1,
approximately in the middle of the reststrahlen
band.
Moreover, the spatial extent of the photocurrent
signal is remarkably different for the two peak fre-
quencies, as shown in the inset of Figure 4a for the
frequency range ν˜TO . ν˜e . ν˜LO. For perpendic-
ular polarization, this spatial extent is comparable
to the spot size, while for parallel polarization it is
more than twice as large as the spot size. This sug-
gests that the strong enhancement of the photore-
sponse for perpendicular polarization at ν˜e ≈ 1170
cm−1 is due to a local effect. We point out that
in the case presented here the two peaks also have
different signs (see raw data in the Supplementary
Information). The reason why the photocurrent di-
rection is opposite in the different spectral regions
is not fully understood, but we speculate that this
is due to changes in the local Seebeck coefficient
for different spatial variations of the doping level.
We observe in other samples that the presence of
a sign change depends strongly on the graphene
intrinsic doping and also on the position along the
contact. We address this issue in details in the
Supplementary Information.
A physical picture of our results emerges with
the observation that the photoresponse peak at
ν˜e ≈ 1170 cm−1 correlates with the energy of
the surface optical phonon (SO) of the substrate.
Analogous to surface plasmons in metals, surface
phonons are evanescent waves originating from
the ionic motion at the surface of polar materi-
als; more precisely, they arise at the interface be-
tween two dielectric materials with permittivities
of opposite signs, and their in-plane momenta are
higher than the free-space wave-vector for light of
the same frequency37.
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Figure 4: (a) Photocurrent spectra for perpendicular (red triangles) and parallel (blue circles) polarization
for a gate voltage that is away from the charge-neutrality point (VBG−VD=-90 V). Inset: corresponding
fwhm of the photocurrent signal. The grey line represents the spot size width as retrieved from the trans-
mission. (b),(c),(d),(e) Magnitude of the electric field from FDTD simulations. Side view of the device,
the dimensions used are 100 nm thick Au, 300 nm thick SiO2, and semi-infinite Si. The frequency depen-
dent permittivities of the involved materials are taken from literature27, and in the case of SiO2 it includes
the phonon modes. (b): with ν˜e=1040 cm−1 with parallel polarization; (c): with ν˜e=1180 cm−1 with par-
allel polarization; (d): with ν˜e=1040 cm−1 with perpendicular polarization; (e): with ν˜e=1080 cm−1 with
perpendicular polarization. (f) Magnitude of the electric field in the graphene plane from FDTD simu-
lations under illumination with light perpendicular to the contact edge as a function of frequency and
distance from the metal edge. Top view of the device. (g) Comparison between the graphene absorption
from FDTD simulations for light perpendicular and parallel to the contact integrated over 10 µm from
the edge, for EF=0.1 eV.
In a simple electrostatic picture, when an electric
field impinges perpendicularly on a metal edge,
there is an accumulation of charges at the edge,
resulting in a strong field perpendicular to the con-
ductor surface. Hence, the near field at the top and
bottom corners of the metal contact carries a dis-
tribution of large in-plane momenta. The presence
of large in-plane momenta thus enables the exci-
tation of the surface phonons when the frequency
of the incoming light matches the surface phonon
resonance frequency ν˜SO, as shown in near-field
measurements38. In turn, this field enhancement
leads to an enhancement of the absorption of the
incoming light in the graphene sheet near the in-
terface, mediated by the excitation of substrate
surface phonons.
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In order to better understand the implications of
this effect, we perform simulations of the electric
field at the interface between graphene and gold
on SiO2 by numerically solving Maxwell’s equa-
tions with a finite-difference time-domain method
in two dimensions (FDTD, using the software
Lumerical). In Figures 4b,c,d,e we show a side
view of the magnitude of the electric field close to
a contact for four different situations: in Figures
4b,c under illumination with light with parallel
polarization, with frequency far from (1040 cm−1,
4b) and close (1180 cm−1, 4c) to ν˜SO; in Figures
4d,e under illumination with light with the same
two frequencies but polarization perpendicular to
the contact edge. We observe very distinct features
in both field magnitude and spatial profile. In the
cases where the polarization is parallel to the gold
edge, there is no electric field enhancement, as ex-
pected, since the only effect of the electric field in
this case would be moving charges in the parallel
direction. Instead, when the light polarization is
perpendicular to the edge, electric field localiza-
tion occurs at the corners of the contact. When the
light frequency is close to ν˜SO, the excitation of
SO phonons results in a strong field enhancement.
The extent of the field enhancement in the
graphene plane (for light polarization perpendic-
ular to the contact edge) is presented in Figure 4f
for the range of frequencies spanned in the pho-
tocurrent spectrum. In Figure 4g we show the
graphene absorption at EF=0.1 eV integrated over
10 µm from the contact, a distance comparable to
the beam spot size, for light polarizations parallel
and perpendicular to the contact edge. We ob-
serve two interesting features: first, the graphene
absorption is strongly enhanced in the frequency
range where increased photocurrent is obtained
for perpendicular polarization. This observation
further supports a scenario in which the graphene
absorption in proximity of the graphene/gold in-
terface is strongly enhanced due to the electric
field localization produced by the excitation of the
SO phonon modes, thus resulting in an increase
of the generated photocurrent. We remark that for
both polarizations there is a dip in the graphene
absorption at the TO phonon resonance. This can
be understood in terms of graphene absorption on
the substrate, which is proportional to |t|2, where
t is the Fresnel transmission coefficient. Because
|t|2 ∝ 1/Im(ε), the absorption has a minimum at
the TO phonon resonance. This observation also
supports the assignment of the photocurrent peak
observed at this frequency to substrate-absorption-
mediated photocurrent.
Finally, we study the effect of the Fermi energy
on the photoresponse for the different regimes and
explain the results within a simple thermoelectric
model. The backgate dependences of the nor-
malized photoresponse for 1080 cm−1 and 1390
cm−1 illumination with parallel polarization are
shown in Figure 5a. We observe that the photocur-
rent generated by the 1080 cm−1 light (i.e. on
resonance with the TO phonon of the substrate) is
significantly stronger over the entire applied volt-
age range and relatively symmetrical with respect
to VBG =VD. The photocurrent at frequencies out-
side the TO phonon resonance exhibits asymmet-
rical behaviour with respect to VD: it is strongly
negative for VBG−VD < 0, and only weakly pos-
itive for higher voltages. We give a qualitative
explanation for these different observed behaviors
using a single framework based on the thermo-
electric effect, where the difference arises due to
the spatial extent of the temperature distribution,
which is much larger for excitation at 1080 cm−1,
compared to excitation at 1390 cm−1. We com-
pute the thermoelectric photocurrent originating
from the two different temperature distributions
θ(x) at the two different excitation frequencies,
by representing the device by a simple Seebeck
coefficient profile, as illustrated in the inset of
Figure 5b. We consider three regions around the
gold/graphene contact: the gold, with fixed See-
beck coefficient SAu; the graphene, whose Fermi
level is pinned by the gold, with fixed Seebeck co-
efficient Sg/Au; and the graphene with gate-tunable
Seebeck coefficient Sg(VBG) obtained via the Mott
formula26,39,40.
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Figure 5: (a) Photocurrent as a function of back-
gate voltage under illumination with ν˜e=1080
cm−1 light (orange triangles), and ν˜e=1390
cm−1 light (green circles). (b) Calculated pho-
tocurrent (normalized to the absolute value of the
minimum) obtained from the integration of PC
from the equation ??, using the θ(x) distributions
shown in the inset: red solid curve for the large
width one, blue dotted curve for the one compa-
rable to the spot size. The parameters used to es-
timate the Seebeck coefficient and the resistance
are: mobility µ=2000 cm2/Vs, residual charge
density at the Dirac point n0=2·1011 cm−2, contact
resistance Rc=1000 Ω, Sg/Au = Sg(VBG = 1 V)
The photocurrent is thus proportional to the spatial
integral of the product of the Seebeck coefficient
and the temperature gradient,
PC ∝
1
R
∫
S(x)∇θ(x)dx (1)
where R is the device resistance. We describe
these two mechanisms by means of Gaussian tem-
perature distributions with different widths. We
assume that the absorption in the graphene gives
rise to a temperature profile whose width is com-
parable to the laser spot size and to the width of
the gold-induced doping region with Sg/Au. In
contrast, the temperature distribution arising from
absorption in the substrate can be five times larger,
following the observations in Figure 1a. As we
can see in Figure 5b, where we show the results of
the simulations for the set of parameters that best
describes our data (see caption), this very sim-
ple model captures the main features observed in
Figure 5a: the photocurrent resulting from a tem-
perature distribution with a large spatial extent is
symmetric with respect toVD (i.e. the negative and
positive responses are comparable in magnitude).
Indeed, as mentioned above, this is due to the fact
that in this case the main contribution to the back-
gate dependence comes from the graphene region
in between the contacts, hence it is directly propor-
tional to Sg(VBG). Instead, when the temperature
distribution width is comparable to or smaller than
the the gold-induced doping region, the photocur-
rent is mainly created at the graphene-graphene
junction near the contact, and thus defined by the
Sg/Au and Sg(VBG), which results in a strongly
asymmetrical signal. Such photo-thermoelectric
response has been reported before for visible light,
impinging on graphene pn-junctions25,28.
In conclusion, we infer the presence of dif-
ferent mechanisms of photocurrent generation in
graphene on a polar substrate under excitation with
MIR light. One of them is mediated by substrate
absorption: the signal peaks at a frequency corre-
sponding to the TO phonon resonance, and shows
a spatial extent larger than the beam spot size. The
backgate voltage dependence of the photoresponse
is well described with a simple model based upon
the photo-thermoelectric effect. The other mech-
anism is due to hot carrier generation via absorp-
tion in graphene. In this case the photocurrent is
localized to the contact/graphene interface, where
strong field enhancement via excitation of the sub-
strate SO phonons can greatly increase the re-
sponse. Understanding the role of these photocur-
rent generation mechanisms paves the way to the
possibility of tailoring the magnitude and spatial
extent of the graphene photo-response, for exam-
ple by engineering the substrate permittivity or by
enhancing the electric field localization. Our re-
sults open new routes for using graphene in com-
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pact and low-cost mid-infrared sensors and imag-
ing systems operating at room-temperature.
Methods
Experimental
The samples consist of CVD graphene deposited
onto a SiO2 (300 nm)/Si or SiO2 (300 nm)/Si/SiO2
(300 nm) substrate and etched into rectangles with
≥ 100 µm between the Ti (3 nm)/Au (100 nm)
electrodes. In order to optimize the transmission
of light in the ∼6-10 µm wavelength range, we
use double-side polished substrates to reduce scat-
tering from the back surface, and relatively low-
doped Si (sheet resistance 5-10 Ω/cm) to reduce
the effect of the (Drude) absorption of the charge
carriers in the Si, while still being able to effi-
ciently gate the device. Device 1 is used in Figure
1, device 2 is used in Figure 2, 3 and 5 and device
3 is used in Figure 4.
The scanning photocurrent images are collected
by focusing the laser beam with ZnSe lenses, and
moving the sample mounted on a motorized stage.
We modulate the laser light with a chopper at 423
Hz frequency. The photocurrent is amplified by
a Femto DLPCA-200 preamplifier and the lock-in
signal is obtained by a Stanford Research Systems
SR830 DSP. A lock-in amplifier (Femto LIA-MV-
150) is used for the transmission measurements.
The experiments are carried out at room temper-
ature in N2 atmosphere, in order to minimize the
effects of the absorption by air in our wavelength
range. The output power of the laser varies for
each wavelength and is in the mW range. The
linear dependence of the photocurrent on incident
power is tested (see Supplementary Information).
Model for the transmission curves
In the limit of graphene on an infinite SiO2 sub-
strate, the transmission defined via the Poynting
vector after having passed a distance W is given
by T = n|t|2e− 4piκWλ , where t = 2/(1+√ε + σε0c),√
ε = n+ iκ and λ is the light wavelength. This
is an approximation to the full system, where the
effect of multiple reflections in the SiO2 and Si
layers is neglected. The study of the graphene
absorption considering the full multilayer system
is presented in the Supplementary Information.
However, we are interested in a simple model
that can describe our data without relying heav-
ily on the material parameters taken from liter-
ature which might be sample dependent. This
procedure is further justified by the fact that we
concentrate only on the term |t|2 which bears the
graphene dependence on EF . We then compute
|t|2 using σ(ν˜ ,EF) = σintra(ν˜ ,EF)+σinter(ν˜ ,EF),
where σintra(ν˜ ,EF) and σinter(ν˜ ,EF) are obtained
from the literature41–44. We take the scattering
time as τ = 20 fs, which is a realistic scattering
time considering that our samples mobility is of
the order of 1000 cm2/Vs. We probe an inhomo-
geneous sample with a ∼10 µm light spot: we in-
clude the effect of Fermi level variation within the
spot-size by a conductivity averaged over a distri-
bution of Fermi levels with a standard deviation of
0.12 eV. To explain our data we use :
Ttotal(ν˜ ,EF) = |t|2 ·Tsub
and then obtain Tsub by imposing that the value at
VD be the same as the smoothed data.
Associated content
Supplementary Information
Dependence of the photocurrent on the excitation
power, details on the perpendicular polarization re-
sults, model for the photocurrent backgate depen-
dence and calculation of graphene absorption on a
polar substrate. This material is available free of
charge via the Internet at http://pubs.acs.org.
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